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2.5 INTERIOR AND ITS IMPLICATIONS FOR THE ATMOSPHERE 
J.  S. Lewis 
In t roduct ion  
Up t o  now we have been t a l k i n g  about t he  atmosphere. We a l l  know t h a t  
t he  atmosphere represents  a neg l ig ib l e  proport ion of t he  mass of Ti tan  and t h a t  
we know very l i t t l e  about it. I'm going t o  t a l k  about t h e  i n t e r i o r ,  which rep- 
r e sen t s  a much l a r g e r  proport ion of the  mass of Ti tan ,  and we know almost nothing 
about i t .  
Perhaps the  bes t  way t o  proceed i s  t o  review conceptually,  s eve ra l  con- 
t r a s t i n g  i n t e r i o r  models f o r  s o l a r  system bodies and then d iscuss  i n  some d e t a i l  
t h e  thermal h i s t o r y  of t h e  model I p r e f e r  f o r  Titan.  To t h i s  I w i l l  add some 
remarks on compatible atmospheric bulk composition and s t r u c t u r e .  I t  should 
prove i n t e r e s t i n g  t o  see  how t h i s  blends with t h e  Earth-based atmospheric da ta  
presented so f a r  today. 
Conceptual Chemical Equilibrium Model 
The f i r s t  t h ing  i n  deal ing  with t h e  i n t e r i o r  of  Titan i s  t o  j u s t  l i s t  
those raw mater ia ls  which might be of some s ign i f i cance  i n  the  i n t e r i o r ;  t o  draw 
up a l i s t  of  those  abundant mater ia ls  which one might expect t o  be present  a t  
t h a t  po in t  i n  the  s o l a r  system. We need no t  be e i t h e r  very c l eve r  o r  very well 
informed t o  draw up most o f  t he  l ist .  We need only t o  ask what t he  most abun- 
dant elements a re  and what mater ia ls  a re  reasonably easy t o  condense. 
These f i r s t  r e s u l t s  I w i l l  be giving a re  based upon t h e  concept of chemical 
equil ibrium between the  s o l i d  ma te r i a l s  and the  gas of s o l a r  composition. The 
simplest  way t o  run through t h i s  i s  t o  s t a r t  with high temperatures and say t h a t  
f i r s t  rock-forming ma te r i a l s  ( i n  o the r  words, s i l i c a t e s ,  s u l f i d e s ,  and metals) 
condense. We w i l l  assume t h a t  by the  time we have reached t h e  ou te r  p a r t  of  t h e  
s o l a r  system, t h i s  e n t i r e  process of condensing rocks has gone t o  completion and 
s u b s t a n t i a l  amounts of l e s s  dense and more v o l a t i l e  mater ia l  have a l s o  condensed. 
This i s  c e r t a i n l y  borne out by the  low observed dens i t i e s  of  many of t h e  s a t e l -  
l i t e s  and t h e  low pos tu la ted  d e n s i t i e s  of  many o f  t h e  smal ler  s a t e l l i t e s .  
Morrison might have something t o  say about t h e  very low d e n s i t i e s  of  some of 
t h e  s a t e l l i t e s  of  Saturn. Perhaps t h i s  i s  a subjec t  we can come back t o  l a t e r ,  
because I think y o u ' l l  s ee  t h a t  i t ' s  a very important poin t  -- whether t h e r e  
a re  s a t e l l i t e s  with d e n s i t i e s  as small as  un i ty .  
Below the  temperatures a t  which rocks are  formed (again th inking of a 
sequence of decreasing temperatures, s t a r t i n g  with a parent  mater ia l  which has 
t h e  same composition as t h e  Sun) the  next  appreciable mater ia l  t o  condense is  
water i c e .  As t h e  temperature continues t o  drop, t h e  next major mater ia l  t o  
form out o f  t h i s  gas of s o l a r  composition would be a s o l i d  hydrate of ammonia. 
A t  y e t  lower temperatures,  methane c l a t h r a t e  hydrate is  condensed, which i s  not  
s t r i c t l y  a chemically bound compound. This mater ia l  represents  simply s t i c k i n g  
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a methane molecule i n t o  each one of t h e  l a rge  vacant s i t e s  i n  t h e  i c e  l a t t i c e .  
This uses up a l l  t h e  water i c e  but  some methane gas i s  l e f t  over. Further 
lowering t h e  temperature, t he  next  important t h ing  t o  condense i s  t h e  l e f t -  
over methane, which condenses a s  a s o l i d .  
Now what are  t h e  d e n s i t i e s  of  t he  objec ts  which a r e  formed during t h i s  
cooling sequence? Densit ies o f  rock- l ike  ob jec t s ,  depending upon formation 
temperature, a r e  on t h e  order  of  4 gm ~ m - ~ ,  but t h e r e  i s  considerable d e t a i l  
ranging from t h e  condensation of m e t a l l i c  i r o n  (density %7) on down t o  %3 a t  
lower temperatures. So 4 is  j u s t  a  round number. When water i c e  i s  condensed, 
the  bulk dens i ty  of everything,  rock p lus  i c e  -- comes out  t o  approximately 
1 . 7  gm ~ m - ~ .  
I am going t o  give r e l a t i v e  dens i t i e s  which are  good t o  a few hundredths 
of a gram pe r  cubic centimeter.  The absolute dens i t i e s  are  not  good t o  anywhere 
near  t h a t  accuracy because o f  t h e  unce r t a in t i e s  i n  t h e  cosmic abundance of t h e  
elements. I  s h a l l  give th ree  s i g n i f i c a n t  f i gu res  f o r  t he  d e n s i t i e s ,  and t h e  
r a t i o s  of those  d e n s i t i e s ,  o r  t h e  d i f ferences  between them, a re  both reasonably 
secure.  However, t he  absolute d e n s i t i e s  may be s l ipped by as much as 0.3 gm cme3 
by changes, f o r  example, i n  t h e  abundance of carbon and oxygen r e l a t i v e  t o  s i l i c o n .  
Once the  ammonia hydrate forms, t h e  mass o f  condensed mater ia l  goes up only 
s l i g h t l y  because the  atomic abundance of n i t rogen is  5 times l e s s  than t h a t  pf 
oxygen, and t h e  dens i ty  would drop s l i g h t l y .  This would give a bulk dens i ty  of 
around 1.65 gm cm-3. Next, methane hydrate forms. Because a por t ion  of t h e  
wa,ter has already been used up i n  making ammonia hydrate,  and because about ha l f  
of t he  oxygen has been used up i n  making s i l i c a t e s ,  t h e  amount of methane t h a t  
is  r e t a ined  i s  not t e r r i b l y  l a rge  and t h e  dens i ty  change i s  not  very l a rge .  The 
bulk dens i ty  a f t e r  t h i s  s t e p  i s  %1.60 gm ~ m - ~ .  
Note t h a t  t hese  a re  zero-pressure d e n s i t i e s ,  and c e r t a i n l y  compression 
a f f e c t s  t he  i c y  mater ia ls  q u i t e  s u b s t a n t i a l l y .  For example, i f  you take  t h e  
observed dens i ty  of Ti tan ,  2.2 gm ~ r n - ~ ,  and correc t  it t o  zero pressure ,  t h e  
dens i ty  comes out about 1.8. So i t ' s  a f a i r l y  important correc t ion  f o r  objec ts  
as  l a rge  as Ti tan .  Let me a l s o  say,  pa ren the t i ca l ly ,  t h a t  t h e  bulk mater ia l  
which i s  formed, containing t h e  four  cons t i t uen t s  down through methane hydrate,  
contains about 4% methane by weight. Once s o l i d  methane i s  condensed, t h e  
amount of methane present  goes up by a r a t h e r  subs t an t i a l  f a c t o r  t o  something 
l i k e  20%. ' 
Notice t h a t  carbon is  a very abundant mater ia l ,  f a r  more abundant than 
any o f  t h e  rock forming elements. I t  i s  more abundant than n i t rogen,  and i t  
has a b ~ u t  h a l f  t h e  abundance of oxygen. Also, methane has a very low dens i ty ,  
about 0.6. That means t h a t ,  upon methane condensation, t he  bulk dens i ty  must 
drop considerably,  and i n  f a c t  it drops t o  1.0 gm ~ m - ~ .  I h e s i t a t e  t o  quote 
th ree  s i g n i f i c a n t  f i gu res  here f o r  a simple reason, namely t h e  dens i ty  i s  q u i t e  
temperature-sensit ive and q u i t e  model-sensit ive.  Let us say t h a t  t he  zero pres-  
sure  dens i ty  i s  %1.0 a f t e r  s o l i d  methane condenses. 
Conceptual Inhomogeneous Accretion Model 
Now l e t  us examine a very d i f f e r e n t  but equal ly  t r a c t a b l e  formation process.  
This competing model assumes t h a t  t he  accre t ion  of s o l i d  p a r t i c l e s  i n t o  l a rge  
bodies t akes  p lace  very rapid ly .  As soon as t h e  temperatures ge t  low enough f o r  
something t o  condense, i t  accre tes  i n t o  a l a rge  body and i s  t he re fo re  unable t o  
i n t e r a c t  chemically with the  gas beyond t h a t  poin t .  I t  makes a profound d i f -  
ference i n  the  chemistry because, f o r  example, ammotiia hydrate i n  a chemical 
equil ibrium model i s  formed by chemical r eac t ion  of ammonia gas with i c e  
which already e x i s t s ,  and requi res  in t imate  contact  between gas and s o l i d .  
Likewise, methane hydrate i s  formed by r eac t ion  of methane gas and s o l i d  i c e ,  
and requi res  contact  between gas and s o l i d .  
So l e t ' s  s t a r t  again with very high temperatures and go through t h e  ca l -  
cu la t ions ,  but  unlike the  equi l ibr ium case,  as  each new condensate appears from 
the  gas, we w i l l  remove it. In physica l  terms,  we accre te  a l aye r  of  t h e  most 
r ecen t ly  formed mater ia l  on t o  the  surface  of a body which is now inhomogene- 
ously accreted.  This is  a genera l iza t ion  of t h e  inhomogeneous accre t ion  model 
of Turekian and Clark (1969) a s  proposed f o r  t h e  Earth. The core forms f i r s t ,  
then  t h e  mantle accre tes  on top  of it ,  then t h e  c rus t  on top  of t h a t .  Their  
model has numerous se r ious  d i f f i c u l t i e s  and I am not advocating it; and I don1 t 
bel ieve  they would f o r  t h i s  case e i t h e r ,  but  i t ' s  t h e  f a r t h e s t  removed from t h e  
simple, s t ra ight forward  equil ibrium approach t h a t  I can conceive of and c e r t a i n l y  
represents  a p o l a r  extreme t h a t  should be s tudied .  
The sequence begins again with rock, but with c e r t a i n  spec ia l  d i f ferences .  
No water-bearing s i l i c a t e s  a re  present ,  because we do not  permit water vapor t o  
eq 'u i l ibra te  with high-temperature s i l i c a t e s .  Also, t h e r e  a r e  no s u l f i d e s ,  and 
no i ron  oxides. This means t h a t  s u l f u r  remains i n  t h e  gas (H2S) long a f t e r  t h e  
condensation of rocky mater ia l  i s  complete. 
Then, continuing t o  cool t h i s  gas, which now has a d i f f e r e n t  composition 
than i n  t h e  equil ibrium example, we would condense water jfce f i r s t .  Af ter  t h a t ,  
we would condense a mater ia l  t h a t  does not  appear a t  a l l  i n  t he  f i r s t  sequence. 
This i s  ammonium hydrosulfide,  which we may a l so  c a l l  an i c e  o r  a s a l t .  I t  i s  
a f a i r l y  s t a b l e  s o l i d  which has a vapor pressure  comparable t o  ammonium chloride.  
You can make it and hold it i n  your hands a t  room temperature, though it i s  ex- 
ceedingly unpleasant .  When f r e sh ly  prepared and pure,  i t ' s  j u s t  as  co lo r l e s s  
as  any i c e ,  o r  common s a l t .  
Going t o  ye t  lower temperatures,  ammonia, f r u s t r a t e d  from i t s  tendency t o  
r e a c t  with water t o  produce s o l i d  ammonia hydrate,  must condense by i t s e l f  as 
s o l i d  ammonia i c e .  This w i l l  occur a t  much lower temperatures than t h e  tempera- 
t u r e s  a t  which t h e  ammonia hydrate would normally form. In o the r  words, t he  
vapor pressure  o f  ammonia i c e  i s  much higher  than the  vapor pressure  of ammonia 
hydrate.  F inal ly ,  going down t o  even lower temperatures, we get  methane i c e .  
The bulk dens i t i e s  along t h i s  sequence look q u i t e  s i m i l a r  t o  those  we 
ca l cu la t ed  e a r l i e r .  Because of t h e  unce r t a in t i e s  i n  the  cosmic abundances, 
t h e r e  i s  no way t o  use t h e  observed d e n s i t i e s  of  bodies i n  t h e  ou te r  s o l a r  
system t o  d i s t ingu i sh  between the  two models. Notice, however, t h a t  i n  the  
inne r  s o l a r  system, the re  i s  a very l a rge  d i f f e rence  i n  t h e  chemistry. Jus t  
knowing t h e  chemical composition of t h e  Earth o r  meteor i tes ,  knowing t h e  bulk 
d e n s i t i e s  of  t h e  p l ane t s ,  and knowing a grea t  deal about t he  s t r u c t u r e  of t h e  
Earth and something (not much) about t he  i n t e r n a l  s t r u c t u r e s  o f  Mars and Venus, 
we can compare how the  d e n s i t i e s  o f  t h e  t e r r e s t r i a l  p l ane t s  ought t o  vary with 
dis tance  from t h e  Sun (from the  predic t ions  of t hese  two kinds o f  models) with 
t h e  observed d e n s i t i e s  and t o  t h e  observed compositional d e t a i l  we have f o r  t he  
Earth. I f  t h a t  i s  done, t he  equil ibrium model comes out looking very good. I t  
p red ic t s  t he  observed dens i ty  dependence, i n ~ l u d i n g  such s u b l e t i e s  as  t h e  in -  
crease i n  dens i ty  going outward from Venus t o  t h e  Earth. That1 s very rewarding. 
I have, however, e l ec t ed  t o  give you the  r e s u l t s  of  both models f o r  the  
purpose of equipping you with a complete l i s t  of  abundant mater ia ls  t h a t  one 
might worry about as s t a r t i n g  mater ia ls .  By "abundant", I mean those ma te r i a l s  
abundant enough t o  e f f e c t  t he  bulk density.  Those which might be abundant 
enough t o  produce a v i s i b l e  t r a c e  of atmospheric gas would requi re  pursuing 
t h i s  list down t o  much, much l e s s  abundant elements, because atmospheres repre- 
sent  such a small  proport ion of t h e  t o t a l  mass of bodies. 
Working Compositional Model . fqr  Titan 
Now, l e t  us take  t h e  equil ibrium concept as  our working compositional 
model. We w i l l  then assemble these  mater ia ls  i n t o  objec ts  comparable i n  s i z e  
t o  the  Gali lean s a t e l l i t e s  o r  t o  Ti tan .  In  o the r  words, la rge  enough so  t h a t  
t h e i r  i n t e r n a l  thermal s t a t e  i s  i n t e r e s t i n g ,  and they a re  not  simple isothermal 
objec ts .  Let us sketch how the  i n t e r n a l  s t r u c t u r e  of these  objec ts  depends upon 
t h e i r  composition, and thus  upon t h e i r  formation temperature. The temperatures 
of formation o r  condensation f o r  these  mater ia ls  range from about 170°K f o r  
water i c e  t o  about 120°K f o r  ammonia hydrate,  t o  about 80°K f o r  methane hydrate,  
and down t o  about 50°K f o r  s o l i d  methane. These condensation temperatures are  
copputed f o r  s o l a r  nebula pressures  of about t o  l o m 7  atmospheres. Within 
a f a c t o r  of 10 o r  even 100 i n  pressure ,  these  temperatures simp]ty a l l  s h i f t  by 
a c e r t a i n  logari thmic increment up and down together .  The sequence of reac t ions  
i s  immutable. We can, t he re fo re ,  sketch cross-sections through these  condensed 
objec ts  as a function of the  formation temperature, as shown i n  Figure 2-22. 
A t  200°K, we have not  q u i t e  condensed water i c e  y e t ,  and we may represent  
thk objec t  as being a l l  rock. I f  we l i k e ,  we could permit t h i s  rock t o  d i f f e r -  
e n t i a t e  by density,  t o  permit t h e  formation of a sulphide core with a s i l i c a t e  
mantle on top of i t ,  but t h i s  i s  a mat ter  o f  t a s t e .  
A t  about 170°K i c e  wil l 'condense,  and I w i l l  allow the  i c e  t o  r i s e  t o  the  
top v i a  density-dependent d i f f e r e n t i a t i o n s .  I w i l l  give my reasons f o r  t h a t  
evenfpally. With i c e  added, t h e  s t r u c t u r e  changes abruptly.  The top of t h e  
rock 'region w i l l  drop down, and we w i l l  have an i c e  l aye r  on top.  The "rock" 
here means a water-bearing s i l i c a t e  rock, perhaps l i k e  serpent ine .  
As we s e t  t h e  temperature y e t  lower, ammonia hydrate w i l l  be present  i n  
the parent  mater ia l  o f  t he  s a t e l l i t e .  Upon p a r t i a l  melting and d i f f e r e n t i a t i o n  
of t h e  s a t e l l i t e  t he  ammonia w i l l  p a r t i t i o n  i t s e l f  between the  various phases 
and, o f  course, ammonia is  exceedingly so luble  i n  water. The r e s u l t  w i l l  be t o  
form a ':mantle" of aqueous ammonia so lu t ion .  A s o l i d  mixture of i c e  and ammonia 
hydrate begins t o  melt a t  a temperature of 173OK which i s  t he  e u t e c t i c  tempera- 
t u r e  i n  t h e  ammonia-water system. This means t h a t  an object  with a surface  
temperature not  much l e s s  than 170°K may have a t h i n  i c e  c rus t ,  and, a t  a r e l a -  
t i v e l y  shallow depth, t h e  temperatures become high enough so t h a t  a melt o r  
s l u r r y  (which i s  a suspension o f  i c e  i n  a l i qu id )  is present .  
TEMPERATURE (OK) 
Figure 2-22. Radial sect ions  of condensed objects  as  a function of formation 
temperature based on the  chemical equilibrium model. " 
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The next s t e p  i s  adding a s o l i d  methane hydrate t o  t h e  parent  mater ia l .  
The e f f e c t  o f  making s o l i d  methane hydrate,  you w i l l  r e c a l l ,  is t o  leave l e f t -  
over methane gas and exhaust a l l  t h e  i c e .  That means t h a t  a d i f f e r e n t i a t e d  
objec t  produced from t h i s  composition w i l l  contain not  only an aqueous ammo- 
n i a  so lu t ion ,  but a l s o  a c rus t  which now cons i s t s  o f  methane hydrate.  Methane 
gas w i l l  be given o f f  due t o  melt ing o f  t h i s  i c e  mixture. Some proport ion be- 
tween zero and 100 percent  of  t he  methane w i l l  be re leased as  a gas, which w i l l  
produce an atmosphere. 
The?, a t  temperatures low enough t o  condense s o l i d  methane, a very pro- 
found e f f e c t  occurs,  with t h e  superpos i t ion  o f  an enormous mass of methane on 
top of t he  i c e  c rus t .  Now, t h e  question is,  what is t h e  physical  s t a t e  of  t h i s  
methane? I s  it s o l i d ,  l i q u i d ,  o r  methane gas? I f  a  Titan-sized s a t e l l i t e  con- 
t a ined  such a la rge  quan t i ty  o f  methane, we would f ind  t h a t  t h e  physica l  s t a t e  
of  t h e  methane versus depth would depend upon de ta i l ed  physical  cons idera t ions ,  
such a s  t h e  i n t e r n a l  thermal s t r u c t u r e  of t h e  s a t e l l i t e ,  t h a t  we have no t  ye t  
considered. 
An objec t  formed with methane hydrate (but not  s o l i d  CHI+) present  contains 
enough methane so  t h a t ,  i f  it were f u l l y  outgassed, i t 'wou ld  produce a one k i l o -  
b a r  methane atmosphere. The t o t a l  amount of methane obta inable  when s o l i d  CH4 
i s  included could reach about 5 kb a t  t he  base of t h e  methane, where we have 
indica ted  t h e  presence of an i c e  c r d s t .  
I t  i s  necessary t o  point  out  a t  t h i s  juncture t h a t ,  u n t i l  we r e a l l y  know 
what t he  "surface temperature" i s ,  we can ' t  be c e r t a i n  t h a t  t h i s  i c e  l a y e r  w i l l  
bf? present .  What i f  t h e  atmospheric mass is so  la rge  t h a t  it permits a surface  
temperature above t h e  decomposition temperature of methane hydrate? Then t h e r e  
may be an i n t e r f a c e  between a methane atmosphere and an aqueous ammonia so lu t ion  
with no c r u s t  i n  between. You c m ' t  r u l e  it out .  I t  i s  an exceedingly i n t e r e s t -  
i ng  p o s s i b i l i t y .  
Right noi\r I am addressing myself t o  Sa tu rn ' s  system, s o  I would say  t h e  
boundary temperatyre is so  low t h a t  unless  something l i k e  the  presence of a 
methane atmosphere r a i s e s  t h e  surface  temperature, you won't ge t  ammonia i n  
the  atmosphere. Cer ta in ly  i f  t he  atmospheric mass i s  l a rge  enough, and surface  
temperatures high enough, t a  have even aqueous ammonia so lu t ion  i n  contact  with 
the  atmqsphkre, then the  presenpe of a s i g n i f i c a n t  quant i ty  o f  ammonia i n  the  
lower atmosphere i s  q u i t e  poss ib le .  
In t h e  Jovian system, you might ind,eed have an ammonia-containing s a t e l l i t e ,  
and it might indeed be poss ib le  t o  put ammonia i n t o  t h e  atmosphere, but t h e  par-  
t i a l  pressure  of ammonia would be so  low t h a t  t h e  atmosphere would be photochemi- 
c a l l y  regulated.  
Trafton: What happens t o  your diagram (Figure 2-22) with a l l  t h e  hea t s  o f  s o l i d i -  
f i c a t i o n ?  Does t h a t  upset th ings?  
Lewis: There are  two e f f e c t s .  One i s  t h a t  it changes t h e  s t a t i c  s t r u c t u r e  and 
the o the r  i s  t h a t  it  changes t h e  thermal h i s to ry .  
Let me address t h e  f i r s t  poin t  f i r s t .  The i c e  l aye r  we  t a lked  about i s  
i n  f a c t  i c e - I  only down t o  a level  where the  pressure  i s  about 2 kb, a t  about 
50 o r  60 km depth., There we get  a conversion of i c e  t o  a h igher  dens i ty  form. 
Thus t h e r e  should be a sequence of i c e  l aye r s  going on down t o  ice-VI. This 
could be most e a s i l y  thought o f  as an isothermal s t r u c t u r e  i n  which you j u s t  
take the  isothermal conversion pressures  o f  i c e  i n t o  the  high pressure  forms. 
But now, l e t ' s  switch over t o  the  second point  and ask about a thermal 
h i s to ry  i n  which we consider how t o  ge t  from the  homogeneously accre ted  primi- 
t i v e  ob jec t ,  which contains a l l  o f  t hese  mater ia ls  mixed together  randomly, t o  
a d i f f e r e n t i a t e d  objec t .  The question then is ,  what i s  t h e  time s c a l e  f o r  
heating? We would l i k e  t o  know, f i r s t  o f  a l l ,  t h e  formation temperature i n  
order  t o  know what t h e  bulk composition is .  We would a l so  l i k e  t o  know t h e  
accre t ion  temperature, i , e . ,  t h e  c h a r a c t e r i s t i c  i n t e r n a l  temperature a f t e r  t h e  
sol,id objec t  is assembled, as  a s t a r t i n g  point  i n  thermal h i s t o r y  models. We 
would l i k e  t o  know the  i n t e n s i t y  of heat  sources,, and, of  course, t h e  equations 
of s t a t e  and melt ing behavior of  a l l  components i n  it. 
Here i s  how we do it: We s e t  the  accre t ion  temperature equal t o  t h e  forma- 
t i o n  temperature. I f  t h e  objec t  i s  heated during the  accre t ion  process by con- 
vers ion  of g rav i t a t iona l  p o t e n t i a l  energy i n t o  i n t e r n a l  hea t ,  then it w i l l  be 
e a s i e r  t o  melt. So, I  am saying,  l e t  us make a pes s imis t i c  assumption here,  
Let us s e t  these  two,temperatures equal. Then, with regard t o  the  in t ens i fy  
of t h e  heat  sources,  we dismiss g rav i t a t iona l  energy as  a source of heat .  We 
w i l l  do away with ad iaba t i c  compression of t h e  i n t e r i o r ,  and put t h e  th ing  to -  
ge ther  isothermally.  We w i l l  do away with sho r t - l i ved  radionucl ides ,  because 
the re  i s  now some f a i r l y  good evidence from t h e  study o f *  meteoroids t h a t  t he  
sho r t -  l ived  radionuclides , very popular a few years ago, almost c e r t a i n l y  had 
nothing t o  do with the  thermal h i s t o r y  o f  meteori te parent  bodies. 
So, we a re  l e f t  with two heat ing  mechanisms t o  consider,  one of which 
Fannot be quan t i f i ed  ye t .  That i s  s o l a r  wind heat ing ,  t he  Sonett mechanism. 
The o the r  i s  long-lived nucl ides .  But, i n  t he  case of long-l ived nucl ides ,  
we know the  abundances of t h e  radioact ive  elements i n  meteori tes and i n  the  
Earth. We, t he re fo re ,  can make q u i t e  r e l i a b l e  es t imates  o f  how l a rge  t h a t  
hea t  source is.  The sources of t h i s  heat  a re  uranium, thorium and potassium, 
mostly potassium a t  t h i s  s t age  of t he  h i s t o r y  of t he  s o l a r  system. The h a l f -  
l i f e  f o r  otassium decay i s  about a f a c t o r  of  t h r e e  s h o r t e r  than  t h a t  f o r  2 3 5 ~ ,  
2 3 8 ~ ,  o r  g32Th, which a re  about equal-sized heat  sources nowadays. Thus, back 
a t  the  o r i g i n  o f  t h e  s o l a r  system, potassium was :about an order  of  magnitude 
more important as  a heat  source than urahium o r  thorium. 
We are,  t he re fo re ,  tak ing only one heat  source,  t h e  one we know must be 
the re ,  present  i n  t h e  amounts which are  needed i n  order t o  give the  observed 
dens i ty .  We want t o  know how well  t h a t  hea t  source, by i t s e l f ,  can heat  the  
parent  mater ia l ,  which we s t a r t  a t  t he  lowest possible.  temperature. For Ti tan ,  
t h i s  i s  about 7 0 ' ~ .  We then ask, how long does it take  f o r  t h a t  objec t  t o  heat  
t o  the  point  where it begins t o  d i f f e r e n t i a t e ?  Once it begins t o  d i f f e r e n t i a t e ,  
we have another heat  source:  the  i n t e r n a l  conversion o f  g rav i t a t iona l  p o t e n t i a l  
energy t o  heat ,  due t o  t h i s  s e t t l i n g  of dense mater ia l  through the  l i g h t  mater ia l  
This heat  source, l e t  us c a l l  it AGPE, e x i s t s  only as  a r e s u l t  of  having s t a r t e d  
d i f f e r e n t i a t i o n .  Therefore, t h a t  hea t  source has nothing t o  do with when i t  
s t a r t s  t o  melt. Under these  assumptions, f o r  an object  t h e  s i z e  of Titan,  it 
takes  s0 .8  x l o 9  years t o  begin t o  melt. 
The addi t ional  energy derived from g rav i t a t iona l  separa t ion  is  not by 
i t s e l f  s u f f i c i e n t  t o  supply a l l  t he  hea t  f o r  phase changes. The Earth d i f f e r -  
e n t i a t e d  ca t a s t roph ica l ly  because t h e  g rav i t a t iona l  po ten t i a l  energy re leased 
from separa t ing  each p a r t  of  t h e  Earth was more than enough t o  m e l t  an equal  
mass o f  mater ia l .  For Titan,  t h i s  would not  be t h e  case.  D i f f e ren t i a t ion  
would be f a i r l y  rapid  on a cosmic time s c a l e ,  but i t  would not  be ca tas t rophic .  
The differentiat ion-produced hea t  source is  about four  times too  small f o r  t h a t  
t o  happen. I  could probably change t h a t  f i gu re  by a f a c t o r  o f  2, but ,  i n  round 
numbers, it takes about another 0.8 b i l l i o n  years  t o  do t h e  melting, t o  reach a 
s t eady- s t a t e  s t ruc tu re .  The elapsed time t o  t h i s  poin t  is  about 1.6 x 10' years.  
Thus, within two b i l l i o n  years ,  Titan would d i f f e r e n t i a t e .  Nowadays, it is prob- 
ably f a i r  t o  regard t h e  s a t e l l i t e s  as  being i n  a thermal steady s t a t e .  
The heat  f l ux  t h a t  would be passing through t h e  c rus t  of  t h i s  objec t  t o  
keep i t  i n  a thermal steady s t a t e  is about a thousand times more than t h e  heat  
f lux  needed t o  d r ive  convection i n  a l i q u i d  i n t e r i o r .  So heat  w i l l  be t r ans -  
ported rapid ly .  That means t h a t  t h e  l i q u i d  mantle w i l l  be nea r ly  i s o t h e m a l .  
I t  w i l l  be ad iaba t i c  i n  s t r u c t u r e ,  and we w i l l  have a t h i n  conductive layer ,  
t h e  c r u s t ,  on t h e  surface.  In  t h e  case of T i t an ,  we don' t  know whether o r  not 
t he  atmospheric mass i s  l a rge  enough t o  make t h e  surface  warm. I f  it i s  warm 
enough, we won't have a c r u s t ,  and t h e r e  would be convective heat  t r anspor t  
d i r e c t l y  up i n t o  t h e  base of t h e  atmosphere. I haven1? ye t  s a i d  how much a t -  
mosphere i s  needed t o  g e t  r i d  o f  t h e  c rus t .  I  s a i d  i f  a l l  t h e  methane were 
driven out of  t h e  i n t e r i o r ,  i t  could provide up t o  a k i loba r  of  methane. I t  
would requi re  a t  l e a s t  a  10 b surface  pressure  t o  melt and decompose the  c r u s t .  
Pollack: I f  t h e r e  i s  ammonia i n  the  atmosphere, does your model imply t h a t  we 
a re  see ing t h e  surface ,  t he  aqueous ammonia so lu t ion?  
Lewis: That depends on what I  ca l cu la t e  t o  be t h e  temperature required t o  melt 
t he  c rus t .  I don ' t  s ee  i t  necessa r i ly  requi r ing  the  surface  be melted. I t  inay 
j u s t  have .... 
Pollack: . . . . l i k e  a volcano? 
Lewis: Yes, a  volcano, o r  even s o l i d  ammonia hydrate not  too  f a r  below i t s  
-
e u t e c t i c  melt ing temperature. 
Pollack: Which one of those two methane compounds would you expect a t  t h e  sur-  
face? I f  i t  i s  a methane hydrate i t s  vapor pressure  i s  a l o t  lower than t h a t  
of  methane, so  i f  you f ind  a l o t  of methane i n  t h e  atmosphere, t h a t  implies a 
c e r t a i n  minimum surface;  temperature. 
Lewis: The vapor pressure  of methane over t he  methane hydrate i s  s eve ra l  orders  
of  magnitude lower than t h e  vapor pressure  aF methane over s o l i d  methane, s o  
Pollack i s  saying t h a t  t he  composition of t he  surface  mater ia l  g rea t ly  i n f l u -  
ences your concept of how t h e  atmosphere i n t e r a c t s  with the  surface .  
Hunten: A t  127OK the  vapor pressure  i s  4 ba r s  f o r  methane and 3 x bars 
f o r  t h e  hydrate (Lewis, 1971). 
Pollack:  You see ,  t h i s  has very s t rong  impact on Danielson's model i n  the  sense 
t h a t  he wants t h e  temperature of t h e  su r face  t o  be 80°K and, i f  t h a t  were t rue ,  
I th ink  i t  would be very hard t o  have methane as  we observe it i n  t h e  atmosphere 
with a c l a t h r a t e  surface .  
Danielson: How rap id ly  do you achieve equil ibrium with a c l a t h r a t e  of t h a t  kind,  
and i f  you once sublime i t ,  which means you then form water, what happens? I f  
you take  a c l a t h r a t e  and d i s soc ia t e  it ,  you have water on t h e  surface .  
Lewis: Disordered i c e ,  ac tua l ly ,  o r  an aqueous ammonia so lu t ion . . .  . 
Danielson: .... and then you condense out methane again. Then i t ' s  j u s t  s o l i d  
methane, i s n ' t  i t ?  
Lewis: No, ac tua l ly ,  l ab  experiments were done by Delsemme and Mi l l e r  (1970) 
looking a t  t he  s t a b i l i t y  f i e l d s  o f  these  hydrates t o  see  how re levant  they 
were t o  comets. They were able  t o  make these  hydrates a t  q u i t e  low temperatures. 
I would have t o  go back t o  t h e  o r i g i n a l  a r t i c l e  t o  say exact ly  how low t h e  tem- 
pera tures  are .  They found t h a t  granular  i c e  subjec ted  t o  the  presence of methane 
gas d id  permit formation of methane hydrate.  
Hunten: I have read t h a t  t h i s  hydrate is an important problem i n  na tu ra l  gas 
p ipe l ines .  
Lewis: Yes, i t  bui lds  up 4n  na tu ra l  gas p ipe l ines .  The gas must be dr ied  q u i t e  
scrupulously t o  keep i t  from happening. I t  i s  not  j u s t  methane; a l l  t h e  l i g h t  
hydrocarbons form xhese hydrates.  
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Trafton:  For t h e  methane-rich models, what would be t h e  physica l  cha rac t e r  of 
t h e  su r face  of t he  base of t he  methane? 
Lewis: Let me answer t h a t  by proceeding t o  my second and l'ast graph. 
- 
CO-mpatible Atmosphere 
In t h i s  s ec t ion  I w i l l  address t h e  r e l a t ionsh ip  of atmospheric composition 
t o  bulk composition and i n t e r i o r  models. J u s t  f o r  s impl i c i ty  l e t  us consider a 
pure methane atmosphere. We'll leave out temporari ly,  a l l  consideration of am- 
monia, hydrogen, and o the r  gases. Thinking about a singPe component i s  q u i t e  a 
b i t  e a s i e r .  Figure 2-23 i s  t he  phase diagram f o r  t h e  system, pure methane. Note 
t h e  t r i p l e  poin t  o f  methane a t  91°K and 90 mb. By a curious coincidecce of na tu re ,  
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Figure 2-23. Pure-methane atmospheric models for Titan. The heavy line is the 
vapor pressure curve of methane. TB is the Gold-Humphreys boun- 
dary temperature (74'~)~ and Tc is the critical temperature of 
methane. The triple point of methane is indicated at 91°K and 
90 mbar, in good accord with the effective temperature and CH4 
pressure for a pure-methane atmospheric model. The three diagonal 
lines are dry adiabats for pure CH4. Note that the slope of the 
vapor pressure curve (a fully-saturated adiabat) equals that of 
a dry adiabat near the critical point. The cross-hatched region 
contains the allowable surface conditions (Ts 2 14S°K) for pure- 
CH4 atmospheres. The visible level in Titan's atmosphere is 
presumably defined by the triple point of methane, above which 
level a bright solid-CH4 particulate haze may be present, but 
below wpich only strongly forward-scattering liquid droplets 
would be stable. After Lewis and Prinn (1973). Reprinted 
from Comments on Astrophys. Space Phys., 5:4, with permission 
of Gordon and Breach Science Publishers, Inc. All rights . 
reserved. 
t he  pressures  and temperatures observed f o r  Titan correspond f a i r l y  well  with 
the  t r i p l e  poin t  o f  methane. This might be easy t o  r a t i o n a l i z e  i f  we were look- 
ing  down from above i n t o  an atmosphere which contained condensed methane i n  
which the  temperature-pressure p r o f i l e  l ay ,  a t  l e a s t  temporarily, on t h e  vapor- 
pressure  curve of methane. Thus a t h i n  cloud (or  perhaps a t h i ck  cloud, depend- 
ing  on one's  t a s t e )  o f  s o l i d  methane p a r t i c l e s  would be present  down t o  t h e  
l eve l  where the  melting temperature of methane was reached. Beyond t h a t  po in t ,  
t he  cloud would be composed of drople ts  of  l i qu id  methane, o r  t he  atmosphere 
could be c l e a r  o f  clouds. 
Now what i s  t h e  r e a l  temperature s t r u c t u r e  o f  t h e  atmosphere? We do not  
know, but  greenhouse models seem p laus ib l e  t o  me, implying an ad iaba t i c  lower 
atmospheric s t ruc tu re .  The temperature probably follows t h e  vapor-pressure 
curve of methane f o r  some dis tance ,  but how f a r ?  Almost anything could happen. 
A t  one extreme, t h e  lower atmosphere may be isothermal;  then  we are  l ed  t o  pre-  
d i c t  t h a t  t he re  would be a surface  o f  s o l i d  methane. Al ternat ive ly ,  t he  lower 
atmosphere may have clouds i n  it down t o  some g rea t e r  depth and then the  atmos- 
phere may follow a dry adiabat  t o  t h e  surface .  
There i s  a whole family o f  poss ib le  models. I f  we bel ieve  t h a t  the  tem- 
pera ture  o f  145°K o r  150°K r e f e r s  t o  a lower limit on the  surface  temperature, 
then we would expect t h a t  t he  surface  of Ti tan  would l i e  t o  t h e  r i g h t  o f  t he  
150°K isotherm. I f  one imagines t h a t  t h e  lower atmosphere i s  sa tu ra t ed ,  then 
t h e  atmosphere may be sa tu ra t ed  a l l  t he  way t o  t h e  150°K l e v e l ,  where the  atmos- 
phe r i c  pressure  i s  12 b. On the  o the r  hand, 150°K i s  no t  an upper l i m i t  on t h e  
temperature of t h e  surface  f o r  t h i s  model. I t  i s  a lower l i m i t .  I f  t h e  lower 
atmosphere i s  s a tu ra t ed  a l l  t he  way down t o  the  c r i t i c a l  po in t  o f  methane, then  
we may have a methane atmosphere merging gradually i n t o  a dense s u p e r c r i t i c a l  
f l u i d  i n t e r i o r  with no phase change. 
Al ternat ive ly  we could follow an unsaturated dry adiabat  from our postu- 
l a t e d  temperature-pressure point  i n  the  upper troposphere as  f a r  a s  one cares 
t o  do so.  Assuming a minimum surface  temperature of 150°K then,  i n  t h e  context 
of  t he  atmospheric models, it means t h e  ones with the  lowest atmospheric pressure  
a t  t he  surface  of Ti tan ,  compatible with t h e  presence of clouds i n  t h e  upper a t -  
mosphere, would have a t o t a l  pressure  of about 0.5 b on t h e  surface .  
Regarding models with high surface  pressure ,  I have suggested already t h a t  
we probably should not  th ink  of atmospheric pressures  i n  excess of a k i loba r .  I n  
t h e  context o f  t hese  pure methane models, I do not  see  how one can use present  
observat ional  evidence t o  r u l e  out t he  p o s s i b i l i t y  of  having an extremely deep, 
massive atmosphere. Of course, sur face  temperatures of about 150°K should i n -  
s p i r e  those i n t e r e s t e d  i n  exobiology, because a t  t h a t  temperature ammonia gas 
appears. Also, 173°K i s  t h e  e u t e c t i c  temperature i n  t h e  ammonia-water system, 
a t  which point  melting begins.  
We the re fo re  must know exact ly  what t h a t  sur face  temperature is.  A radio  
occu l t a t ion  experiment by Mariner Jupi ter /Saturn  (MJS) would plumb t h e  atmos- 
phere down t o  l eve l s  where pressures  a re  about 10 b.  One should not  th ink  t h a t  
t h i s  pressure  i s  s i g n i f i c a n t  t o  two places because t h e  su r face  temperature is  
s t i l l  negot iable .  There is  q u i t e  a va r i e ty  o f  fea tures  which may be compatible 
with t h e  notion of an atmosphere with temperature increas ing  with depth, mostly 
made of methane which may, by i t s  own presence, make the  lowest atmosphere warm 
enough f o r  ammonia t o  be present .  
Danielson: Why wouldn't your argument apply t o  some of t he  Galilean s a t e l l i t e s ?  
Lewis: Well, f i r s t  of  a l l ,  they do not  have methane atmospheres, which leads 
us t o  suspect  we a re  t a l k i n g  about composition c l a s ses  i n  which methane was 
never re ta ined.  Secondly, t h e  presence of an equil ibrium atmosphere on one of 
t h e  Gali lean s a t e l l i t e s  would be v i r t u a l l y  unobservable. My es t imate  i s  about 
2 x atmospheres, based s t r i c t l y  on chemical equil ibrium considerations.  
Photochemistry w i l l  t u r n  over such an atmosphere very quickly.  I t  i s  note-  
worthy t h a t  t h e  upper l i m i t  s e t  by t h e  10 occu l t a t ion  i s  exact ly  t h e  same, 
u se l e s s  t o  a l l  concerned. Thus, 10 does not  have an atmosphere t h a t  i s  capa- 
b l e  of a f f ec t ing  t h e  surface  temperature. 
Trafton:  Where would you p lace  Tr i ton?  
Lewis: I would p lace  Tr i ton  i n  t h e  solid-CH4 region. The only th ing  t h a t  con- 
vinces me t h a t  Sa tu rn ' s  s a t e l l i t e s  may contain methane i s  t h a t  we see  i t  on 
Titan.  Otherwise, I ' d  have t o  conclude t h a t  it was .a marginal s i t u a t i o n .  The 
s a t e l l i t e s  of  Uranus would f a l l  i n  t h e  same c l a s s  as Titan.  Neptune's s a t e l -  
l i t e s  should f a l l  i n  t he  s o l i d  CH4 region. 
Sagan: Tr i ton  doesn' t  have any methane on it. 
Lewis: I t  may, of  course, because t h e  boundary temperature i s  so  low t h a t  i t  
would a l l  be frozen and thus unobservable. So on Tr i ton ,  we would be t a l k i n g  
about a s o l i d  methane surface .  
Trafton:  What about the  dens i ty  o f  Tr i ton?  
Morrison: John, quote your d e n s i t i e s  f o r  Tr i ton  t h a t  you were t e l l i n g  me about. 
Lewis: I d id  a l i t e r a t u r e  search  on t h i s .  I c a n ' t  claim it was complete, but 
I took what I thought t o  be a l l  of  t h e  r e l i a b l e  est imates of t he  mass and radius 
of Tr i ton  and I came t o  t h e  conclusion t h a t  t h e  dens i ty  of Tr i ton  almost cer -  
t a i n l y  l i e s  between 0.2 and 40 gm ~ m - ~ .  I t  i s  very hard t o  use t h i s  information 
f o r  s u b t l e  compositional d iscr iminat ion .  
Blamont: What about hydrogen and r a r e  gases? 
Lewis: I can say a few b r i e f  t h ings  about noble gases. One i s  t h a t  i f  we 
search f o r  a mechanism f o r  r e t a in ing  helium, the  formation of c l a t h r a t e  hydrate 
wouldn't he lp  because the  holes  i n  t h e  i c e  l a t t i c e  a re  so  l a rge  t h a t  helium c i r -  
cu la t e s  r ead i ly  through it. So the re  i s  no mechanism f o r  helium re t en t ion  here.  
Sagan: I s  t h a t  t h e  r e s u l t  o f  a d i f fus ion  ca lcula t ion?  
Lewis: Yes. 
Sagan: I t ' s  ac tua l ly  ca lcula ted?  
Lewis: The holes a re  l i t e r a l l y  s u b s t a n t i a l l y  l a r g e r  than t h e  helium atom. Also, 
i n  terms o f  forming small gra ins  i n  the  nebula, t h e  question a r i s e s :  what would 
t h e  helium be doing i n  the  i c e  l a t t i c e  i n  t h e  f i r s t  place? Because we would form 
these  gra ins  a t  very low pressures ,  t h e  amount of helium which might be randomly 
trapped i n s i d e  t h e  l a t t i c e ,  j u s t  by having a c r y s t a l  grow around it,  would be 
something l i k e  one p a r t  i n  10 l0 .  
Sagan: Occluded helium, I th ink ,  can be excluded! 
Lewis: Yes, and a l so  absorbed helium. Direct  helium condensation r equ i r e s  a 
temperature which i s  below 1°K. Since the  background temperature o f  t h e  universe 
i s  about 2 . 6 ' ~ ~  I th ink  we should not  take  t h a t  too ser ious ly .  Neon is  a l s o  too  
small an atom t o  form a s t a b l e  c l a t h r a t e .  Neon should condense eventual ly  as 
s o l i d  neon a t  a temperature o f  about 12 t o  15OK, which a l so  seems unreasonably 
low. 
Argon forms a c l a t h r a t e  hydrate which i s  r a t h e r  l e s s  s t a b l e  than  the  
niethane hydrate,  and argon i s  q u i t e  a b i t  l e s s  abundant than methane. I d id  
a ca l cu la t ion  looking a t  t h e  equil ibrium p a r t i t i o n i n g  o f  argon between gaseous 
methane and s o l i d  methane hydrate and came t o  t h e  conclusion t h a t  one argon 
atom would be present  i n  t h e  s o l i d  f o r  every 7,000 methane molecules. There 
a re  c e r t a i n  systematic unce r t a in t i e s  i n  der iv ing t h a t  number, but t h e  number 
i s  not  temperaturq s e n s i t i v e  because the  vapor-pressure curves o f  t h e  hydrates 
a re  q u i t e  n i ce ly  p a r a l l e l .  
Rasool : How about Argon-40? 
Lewis: Radiogenic Argon-40, produced i n  t h e  deep i n t e r i o r ,  might poss ib ly  make 
it t o  t h e  surface  p a r t i c u l a r l y  i f  we bel ieve  t h a t  potassium res ides  i n  so lu t ion  
r a t h e r  than i n  mineral gra ins .  The maximum amount o f  Argon-40 would be about 10 
mi l l i ba r s .  
Blamont: That may not be i n s i g n i f i c a n t .  
Lewis: I f  t h e  t o t a l  pressure  i s  some t ens  o f  mi l l i ba r s  then  it might be q u i t e  
s i g n i f i c a n t .  F inal ly ,  g e t t i n g  back t o  your question about o the r  gases, hydrogen 
condenses a t  about only 7 ' ~ .  Adsorption of gases on s o l i d  surfaces  i s  neg l ig ib l e  
a t  temperatures more than about 3 times t h e .  condensation temperature o f  t h e  pure 
substance,  so ,  i f  we accept %70°K as  t h e  accre t ion  temperature of Tit?,  no ad- 
sorbed hydrogen w i l l  be re ta ined.  
70 
Veverka: Can we get  back t o  Sa tu rn ' s  o the r  s a t e l l i t e s ?  Did you say t h e  o the r  
s a t e l l i t e s  should have s o l i d  methane surfaces?  
Lewis: I s a i d  t h a t ,  i f  they had a dens i ty  o f  1, then they would have enormous 
q u a n t i t i e s  of methane s i t t i n g  on top  o f  them. From outs ide ,  we would see  gaseous 
methane, I should suspect ,  and they should have s o l i d  surfaces .  Frankly, I am 
skep t i ca l  about such low dens i t i e s .  
Veverka: What ac tual  sur face  mater ia l  do you suspect? 
Lewis : Asphalt. 
Morrison: The inner  s a t e l l i t e s  cannot be covered with a mater ia l  a s  dark a s  
a spha l t  unless  e i t h e r  t he  measured masses a r e  o f f  by an order of magnitude o r  
t he  d e n s i t i e s  a re  a g rea t  dea l ,  l e s s  than uni ty .  
Conclusions 
The bulk composition and i n t e r i o r  s t r u c t u r e  of Titan requi red  t o  explain 
t h e  presence of a s u b s t a n t i a l  methane atmosphere a re  shown t o  imply t h e  presence 
of s o l i d  CHI, 7H20 i n  Ti tan ' s  p r imi t ive  mater ia l .  Consideration of t h e  poss ib le  
composition and s t r u c t u r e  of t h e  present  atmosphere shows p laus ib l e  grounds f o r  
considering models with t o t a l  atmospheric pressures  ranging from $20 mb up t o  
$1 kb. Our expectat ions regarding t h e  physical  s t a t e  of  the  surface  and i t s  
chemical composition a r e  s t rong ly  condit ioned by t h e  mass of atmosphere we 
be l i eve  t o  be present .  A su r f ace  of s o l i d  CHI,, l i q u i d  CH4, s o l i d  CH4 hydrate,  
H20 i c e ,  aqueous NH3 so lu t ion ,  o r  even a non-surface of s u p e r c r i t i c a l  H20- 
NH3-CHI, f l u i d  could be r a t iona l i zed .  I t  i s  an urgent necess i ty  t o  determine 
the  locat ion  o f  t h e  surface  of Ti tan;  i n  o the r  words, t o  f ind  the  su r face  a t -  
mospheric pressure.  
Note: This a r t i c l e  i s ,  i n  p a r t ,  a  summary o f  publ ica t ions  and p r e p r i n t s  by 
-
Lewis (1971, 1973), and Lewis and Prinn (1973). 
